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We point out a connection between R symmetry and supersymmetry breaking. We 
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show that the existence of an R symmetry is a necessary condition for supersymmetry 
breaking and a spontaneously broken R symmetry is a sufficient condition provided two 
conditions are satisfied. These conditions are: genericity, i.e. the effective Lagrangian is a 
generic Lagrangian consistent with the symmetries of the theory (no fine tuning) , and cal- 
culability, i.e. the low energy theory can be described by a supersymmetric Wess-Zumino 
effective Lagrangian without gauge fields. All known models of dynamical supersymmetry 
breaking possess such a spontaneously broken R symmetry and therefore contain a po- 
tentially troublesome axion. However, we use the fact that genericity is not a feature of 
supersymmetric theories, even when nonperturbative renormalization is included, to show 
that the R symmetry can in many cases be explicitly broken without restoring supersym- 
metry and so the axion can be given an acceptably large mass. 
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1. Introduction 



Dynamical Supersymmetry Breaking (DSB) provides an attractive way to achieve a 
large hierarchy between the Planck scale Mp and the scale of supersymmetry breaking, 
and, in models where the weak scale is related to the supersymmetry breaking scale, can 
solve the gauge hierarchy problem [l]]. In DSB models, all mass scales, including the 
scale of supersymmetry breaking, arise through dimensional transmutation, and thus are 
proportional to Mpe~ a ' 9 , where a is a constant of order 4tt and g is some effective 
coupling constant at the Planck scale. There are several examples of models which exhibit 
DSB J2|, 0. In reference the following guidelines for finding dynamical supersymmetry 
breaking models were suggested: 

1. The classical potential should not have any noncompact flat directions, i.e. it should 
be nonzero for large field strengths in all directions in field space. 

2. The theory should contain a nonanomalous continuous global symmetry, and the 
complexity or absence of solutions to 't Hooft's anomaly matching conditions Q should 
imply that this symmetry is spontaneously broken. 

These conditions are generally sufficient for spontaneous supersymmetry breaking be- 
cause if supersymmetry is unbroken, then the Goldstone boson from the spontaneously 
broken global symmetry should reside in a supermultiplet which also contains a massless 
fermion and another massless scalar. In a few cases, this second massless scalar could 
itself be a Goldstone boson of another spontaneously broken symmetry, or even if it is 
not a Goldstone boson, its target space can be compact. Otherwise the existence of an- 
other massless scalar implies an exact, non-compact vacuum degeneracy (flat directions). 
However the first condition is that classically there is no such degeneracy. For a nonpertur- 
batively generated term to restore the degeneracy which is absent classically is implausible 
and usually not possible since in asymptotically free theories the dynamically generated 
terms can be shown to be less important for large field strengths than the classical terms. 

No argument has been given that these criteria are necessary for DSB, yet all known 
examples satisfy them by having no flat directions and a spontaneously broken U(l) R 
symmetry. An argument based on the anomaly || 

(Q a , = diWtf + C^XX (1.1) 
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(W is the superpotential, A is a gluino and C is a constant depending on the gauge group) 
was given in reference Q suggesting that in many gauge theories an exact, spontaneously 
broken R symmetry is a sufficient condition for supersymmetry breaking. In section 2 of 
this paper we argue that such an R symmetry is a feature of any DSB model where the 
low energy effective theory can be studied by integrating out the gauge dynamics, and 
in which the low energy effective Lagrangian is a generic Lagrangian consistent with the 
symmetries (no fine tuning). The existence of a spontaneously broken U(l) R symmetry 
is therefore a useful guideline for model builders attempting to break supersymmetry. 

This line of reasoning leads to a serious problem. Spontaneously broken R symmetry 
implies the existence of an exactly massless Goldstone boson, the R-axiorM. General theo- 
retical arguments based on quantum gravitational effects || , and on string theory [[7] , lead 
us to expect that any apparent global symmetries in an effective Lagrangian are accidental 
consequences of gauge symmetries and renormalizability, and are only approximate. (R 
symmetry is difficult to gauge because of the necessity of anomaly cancellation.) R sym- 
metry breaking above the supersymmetry breaking scale is also necessary in order to be 
able to tune the cosmological constant to zero. Furthermore, there are strong phenomeno- 
logical constraints on an exactly massless Goldstone boson. We conclude that to describe 
our world, any continuous R symmetry is likely to be explicitly broken. However, if an R 
symmetry is a necessary condition for supersymmetry breaking, and Nature does not have 
such an R symmetry, supersymmetry cannot be spontaneously broken! 

In section 3 we examine the effects of explicit R symmetry breaking in the effective 
Lagrangian, in order to see whether supersymmetry can be broken without an exact R 
symmetry. We find that there are many cases where one can show that the effective 
Lagrangian is not the most general consistent with the symmetries, even when nonpertur- 
bative effects are considered, and that supersymmetry is spontaneously broken without an 
exact R symmetry. 



2. Criteria for supersymmetry breaking 

In flat space, assuming there are no Fayet Iliopoulos terms in the Lagrangiani, su- 
persymmetry is unbroken at tree level if and only if there exist some values of the scalar 



1 We refer to this Goldstone boson as an axion even though it is exactly massless. 

2 since we are only interested in models where all mass scales arise dynamically 
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components of the chiral superfields Zi for which 

JLw = ("F terms") 

9z j (2.1) 
z*T J A k z k = ("D terms"), 

where W is the superpotential, the Kahler potential K is J2j z j z ji an< ^ the T Aj s are the 
gauge generators. Since in general these are m complex conditions and r real conditions 
for m complex unknowns, where m is the number of chiral superfield components and r is 
the number of gauge generators, one might naively suppose that supersymmetry breaking 
would be easy. In fact spontaneous supersymmetry breaking is surprisingly difficult to 
achieve 0. 

Many interesting examples of gauge theories are known where effects of the gauge 
dynamics may be systematically computed. In such theories there is a limit where a 
superpotential coupling can be taken to zero, making the vacuum energy, and thus the 
supersymmetry breaking scale, arbitrarily small. Thus the scale of supersymmetry break- 
ing is lower than the scale at which the gauge dynamics becomes strong. Then the gauge 
dynamics may be integrated out and an effective supersymmetric theory which contains 
only the light chiral superfields can be constructed. The following argument shows that in 
many such theories a supersymmetric vacuum is absent if there is a spontaneously broken 
continuous R symmetry. 

We first construct an effective Lagrangian for the light degrees of freedom, in the limit 
where the couplings in the classical superpotential are weak. In general there are solutions 
to the D-term equations in eq. (|2.1|) , which depend on a finite number of continuous 
parameters ("D-flat directions"). These represent the massless scalar degrees of freedom 
in the classical limit with no superpotential. For some theories one can find D-flat directions 
where the gauge symmetry is completely broken and the low energy effective theory has 
no gauge fields || . In other theories there are D-flat directions where the gauge symmetry 
is not completely broken, but all chiral superfields which transform nontrivially under the 
unbroken subgroup get large masses, and the remaining low energy effective theory consists 
of light gauge singlet fields and a supersymmetric gauge theory, but with no light chiral 
superfields carrying the unbroken gauge symmetries ||. In both cases the effects of the 
nonperturbative gauge dynamics are understood using various methods [0, |S], || |TtJ and 
the scale of supersymmetry breaking can be made arbitrarily small compared to the scale 
at which the gauge dynamics become strong by tuning the superpotential parameters. 
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We will refer to either of these cases as calculable theories. The light chiral superfields 
(f>i may be constructed as gauge invariant functions of the parameters describing the D-flat 
directions. The effective supersymmetric Lagrangian has no gauge terms, but typically 
has a very complicated Kahler potential K((f>i, 4>\). 

We now write the superpotential W[(j>i) and make the crucial assumption of genericity, 
i.e. that the gauge dynamics will generate nonperturbatively additional terms in W e ff 
which are generic (locally) holomorphic functions of the fields <pi consistent with the global 
symmetries of the theory. In other words, the low energy effective Lagrangian has no fine 
tuned coefficients. This assumption of genericity is known to be satisfied in standard field 
theories. It has been shown explicitly to be true in supersymmetric theories for a number 
of examples (see, e.g. ref. 0, [KJ), but there are also cases where it is not true |TI|j . 

If we restrict ourselves to values of <p for which Kij* is finite and nonsingular (which 
typically means <pi 7^ 0, 00), the criterion for unbroken supersymmetry in the effective 
theory is 

1ST = • (2 ' 2) 

We now examine whether or not there is a supersymmetric minimum for various 
possibilities for the global symmetries: 



1. No symmetries. If there are no global symmetries the conditions (|2.2[) represent n 
equations for n unknowns, which are soluble for generic W e ff, hence supersymmetry 
should be unbroken. It is possible to find special superpotentials with no global 
symmetries for which the conditions ( |2.2| ) are not soluble, however these do not satisfy 
the genericity assumption. They are unstable under small variations in the couplings. 

2. Continuous global symmetry which commutes with supersymmetry. Constraining the 
theory by means of a non-R global symmetry does not allow one to evade the con- 
clusion that supersymmetry is unbroken. Because W e s is holomorphic, if there are I 
generators of global symmetries, W e s may be written as a function of n — I variables. 
For example, in the case of a U(l) global charge where the fields <pi have charges qi, 
W e ff is a function of the n — 1 variables Xi = 4>i/4>n^ qn , where i = 1, . . . ,n — 1, and 
q n ^ 0. Thus since W e s is independent of / complex variables, I of the equations 
( p.2| ) are automatically satisfied. The other equations give n — I constraints for n — / 
unknowns, which typically have solutions. The counting of equations and unknowns 
in the case of a global discrete symmetry is as in case 1 above (no symmetries). 
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3. Spontaneously broken U(l) R symmetry. The superpotential carries charge 2 under 
an R symmetry, and so if <p n receives an expectation value and carries R charge q n , 
W e ff may be written 

W eS = <j> 2 J^ f (X t ) ; X 4 =-^-, (2.3) 

where i < n and / is a generic function of the n — 1 variables X{. Now for supersym- 
metry to be unbroken, the n equations 

df 



dXi 

and 



(2.4) 



/ = (2.5) 



must be satisfied. (In deriving ( |2.4|) and (|2.5|) we used the fact that <f> n is finite and 
nonzero.) These are n equations with n — 1 unknowns which cannot be satisfied for 
generic /. Therefore, generically there is no supersymmetric solution. (It is how- 
ever possible to find special superpotentials which will spontaneously break R but 
not supersymmetry; it is implausible that such a superpotential could be generated 
dynamically.) One may worry that there could be a supersymmetric minimum in the 
limit where the R symmetry is restored. Because the change of variables in ( |2.3| ) 
is singular in this limit, it is necessary to examine the behavior of Kij*~ x to decide 
whether or not supersymmetry is restored as (j) n — > 0. One must also consider what 
happens as (j) n — > oo. In the case where q n < 0, the theory can have a stable ground 
state (with broken supersymmetry) only if Kij*~ x grows sufficiently fast. We expect 
this to be the case if the original theory has no classical flat directions. Otherwise the 
theory has no ground state. 

We believe these arguments explain why previously discovered calculable models which 
are known to dynamically break supersymmetry also have an R symmetry. Our arguments 
that an R symmetry is necessary for DSB do not apply to noncalculable models, for 
which there is no separation between the supersymmetry breaking scale and the scale 
of the strong gauge dynamics. For instance there are several models which are believed 
to dynamically break supersymmetry in a regime where the theory is a strongly coupled 
chiral gauge theory. Examples include an SU (2n + l) gauge theory, with n > 1, coupled to 
chiral superfields in one antisymmetric tensor and 2n — 3 antifundamental representations, 
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with the most general renormalizable gauge invariant superpotential consistent with the 
symmetries. Another example is an SO(10) gauge theory with a single 16. However in all 
of these theories there is an accidental R symmetry, and the criteria of reference || are 
sufficient to show that supersymmetry is broken. 

Our arguments also do not apply to nongeneric models. Below we give various ex- 
amples of generic superpotentials to which our arguments do apply, and of nongeneric 
superpotentials which are counterexamples. All of these should be assumed to have the 
conventional J^. ZiZ* form for the Kahler potential. 

1. Generic superpotential, exact unbroken R symmetry, spontaneously broken non-R sym- 
metry, unbroken supersymmetry. The superpotential is 



which is the most general consistent with the R symmetry under which S has charge 
zero and X has charge 1, and with a non-R U(l) symmetry under which S has charge 
2 and X has charge —1. Supersymmetry is unbroken along the flat direction labeled 
by a 



which leaves the R symmetry unbroken but does break the other U(l) symmetry (we 
could have considered a broken R symmetry which is a linear combination of the two 
U(l)s). Note that the Goldstone boson from the spontaneously broken U(l) has a 
massless scalar partner as required by supersymmetry, and there is a noncompact flat 
direction. 

2. Nongeneric superpotential, exact spontaneously broken R symmetry, unbroken super- 
symmetry. This model has superpotential 



where S, Y are superfields with R charge 2, and X, Y have R charge 0. The super- 
symmetric vacua are 



XSX 2 , 



(2.6) 



X = 0, S = a , 



(2.7) 



SX 2 + SXY + X 2 Y + mYY , 




X = Y = Y = 0, S = a 



(2.9) 



and 



X = 77i, S = Y = 0, Y = -m , 



(2.10) 
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where a is an arbitrary parameter characterizing a flat direction associated with the 
broken R symmetry. Note that this flat direction is required for supersymmetry, 
so that the Goldstone boson from the spontaneously broken R symmetry can have 
a massless scalar partner, and that the existence of such a flat direction requires a 
superpotential such as (|2.8j ) which is carefully chosen so that equations ( |2.4| ) and ( |2T5| ) 
can be satisfied simultaneously. If other invariant terms such as S are added, there is 
only an R preserving supersymmetric ground state with S = 0. 

3. Generic superpotential, exact R symmetry, broken supersymmetry. This is the 
O'Raifeartaigh model with the superpotential 

fi 2 S + SQ 2 + mPQ , (2.11) 

which is the most general renormalizable superpotential consistent with an R sym- 
metry and a Z<i symmetry. All ground states break supersymmetry. The ground 
state with S = does not spontaneously break the R symmetry. The R symmetry 
guarantees that the addition of generic nonrenormalizable terms consistent with the 
symmetries will not restore supersymmetry. 

4. Nongeneric superpotential, no R symmetry, broken supersymmetry. The superpoten- 
tial 

X X XQ 2 + X y Y(Q 2 - i?) + XQ 3 + mi Q 2 + m\Q (2.12) 

has no R symmetry, but no supersymmetric vacua. The addition of other terms non- 
linear in X or Y, which are allowed by all symmetries, would restore supersymmetry. 

We have argued that in flat space any generic calculable model has DSB if it has a 
spontaneously broken R symmetry (an exact R symmetry being also a necessary condition). 
However, when the effects of local supersymmetry are included, the F-term conditions are 
replaced by 



DjW = Wj + —^KjW = (supergravity) . (2.13) 

lVl T 



1 

In order to ensure that the effective cosmological constant is zero after supersymmetry 
is broken, W must be of order M 2 Mp, where M s is the supersymmetry breaking scale. 
For a theory which exhibits supersymmetry breaking in flat space, since Wj ~ M 2 and 
Kj = 0((z)), the additional terms in ( |2.13| ) are negligible compared to Wj unless some 



field strengths are of order Mp, in which case any effective field theory description breaks 
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down and we cannot answer the question of whether or not there is a supersymmetric 
minimum without a detailed understanding of Planck scale physics. We thus believe that 
our analysis is the most general one possible within the regime of validity of effective field 
theories. 

This discussion has an immediate application to some popular models of supersym- 



metry breaking in string theory. The original version of these models [I2"| was based on 
gluino condensation in some gauge group. A dimension five operator 

d 2 6SWl (2.14) 

couples the gauge superfields W a to a dilaton field S and induces upon integrating out the 
gauge dynamics an effective superpotential for S 

W efT = e~ cs (2.15) 

with some constant C depending on the gauge group. Both the original theory with the 
coupling (|2.14 ) and the effective theory with the superpotential ( 2.15 ) exhibit an anomaly 



free R symmetry under which S is shifted by an imaginary amount. As follows from our 
general analysis supersymmetry is broken for any finite S where the R symmetry is broken. 
The problem with this model is that the potential for S slopes to zero at infinity and the 
theory does not have a ground state. 

In order to avoid this problem, the authors of reference |13[] proposed to add another 
gauge group and to couple it to S as in ( 2.14 ). These models are referred to track 



models." The effective superpotential obtained after integrating out the two gauge sectors 
is 

W eS = e~ ClS + Ae~ C2S (2.16) 

where the constants Ci depend on the two gauge groups. Unlike the previous situation, 
now there is no exact R symmetry. Correspondingly, the superpotential Q2.16D leads to 
a supersymmetric ground state at finite S. More sophisticated versions of this proposal 
14| involve also some other fields (moduli). Since more than one gauge group is used, the 



models do not have an R symmetry and therefore, as follows from our general analysis, 
they all exhibit supersymmetric ground states at finite field strength (as well as some 
nonsupersymmetric states) . 
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3. Explicit R symmetry breaking and the R-axion 

The necessity of a spontaneously broken R symmetry for supersymmetry breaking 
is troublesome, since it would imply the existence of a Goldstone boson, the R-axion, 
which could be in conflict with phenomenological and astrophysical observations. Also we 
do not expect on theoretical grounds that such a global symmetry can be exact || [7]]. 
Fortunately, we have found that several ways of explicitly breaking the R symmetry can 
be shown not to restore supersymmetry. This is a consequence of the lack of genericity of 
many supersymmetric models and of a nonperturbative nonrenormalization theorem |TT 



3.1. Higher dimension operators 

There are many examples of models with an accidental R symmetry of the gauge 
invariant renormalizable terms, but in which this symmetry could be explicitly broken 
by higher dimension operators in either the superpotential or the Kahler potential. The 
following argument shows that for a general class of theories such symmetry breaking can 
only lead to supersymmetry restoration for field strengths which are at least as large as 
the dimensionful scale which suppresses the effects of the higher dimension terms. 

Consider a theory of DSB with effective superpotential W e e = W ren + Wd yn , with 
W ren a renormalizable superpotential only containing terms of dimension four, and Wd yn 
a term generated by the nonperturbative dynamics of an asymptotically free gauge theory. 
This gauge theory generates a scale Ag through dimensional transmutation. On general 
grounds Wd yn must be proportional to a positive power of Ag. (The restriction that 
Wdyn can only contain soft terms is an example of the lack of genericity of supersymmetric 
effective superpotentials.) We will work in a canonical basis for the fields, where the Kahler 
potential is Y2i z i z i J ^ higher dimension terms. Now we also assume 

1. W e Q = W Ten + Wdyn has an exact continuous U{1) R symmetry. 

2. The only dimensionful terms in W e ff are characterized by the scale Ag. 

3. This theory spontaneously breaks supersymmetry (and R symmetry) at the scale Ag. 
Therefore, for all values of the fields 

£ ^ 2 + £(^jK) 2 >0(A S 4 ). (3-D 

4. The theory without Wdyn has no flat directions, and the tree level theory is scale 
invariant. Thus since Wdyn is generated by an asymptotically free interaction, it must 
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be proportional to a positive power of As and hence must grow more slowly than 
z 3 for large field strength. Therefore, for any field strength z which satisfied the D 
flatness condition and which is much larger than As, 



E 



dz % 



~ z A . (3.2) 



Now we wish to study whether higher dimension operators can restore supersymmetry. 
We assume these operators are characterized by at least one inverse power of a scale m. 
Higher dimension terms in the Kahler potential can help restore supersymmetry only if 
Kij*~ l has zero eigenvectors, which can happen only for field strengths of order m. We 
can also add higher dimension terms to W e ff- Call the higher dimension terms W n onren, 
which can be written 

Wnom-en = m 3 f(zi/m) , f(x) < x A when X < 1 . (3.3) 

These terms can only restore supersymmetry for 

^= > A| , (3.4) 

which can only happen for field strengths 

z > (mAl) 1 / 3 , (3.5) 

which is greater than As- However for such large field strengths, because of our assumption 
4, 

-dz~~ Z ■ (3 ' 6) 
These F terms can only be canceled out by contributions from W nonren when the light field 
strengths are of order m. 

We therefore conclude that if we have a renormalizable theory with DSB and no 
classical flat directions, higher dimension operators can only restore supersymmetry for 
field strengths of order the scale which characterizes them - typically the Planck mass. 
Understanding whether or not this actually happens requires a complete understanding of 
Planck scale physics. 

If the higher dimension operators arise from integrating out heavy particles with a 
mass less than the Planck mass, then we can study the full theory to understand whether 
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or not supersymmetry is actually restored at large field strengths. In many cases there 
will not be any supersymmetric minimum, as shown by the following argument. 

Consider a renormalizable theory which, in the limit where some massive parameter m 
goes to infinity, has a renormalizable low energy effective theory with an unbroken asymp- 
totically free gauge theory, a continuous R symmetry, no flat directions, spontaneously 
broken supersymmetry, and no dimensionful parameters other than As, the supersymme- 
try breaking scale in the effective theory. A5 will generally have some m dependence but we 
assume that there is a gauge parameter g which we can tune to make A$(g, m) <C m. We 
want to understand whether the theory has a supersymmetric minimum. By our previous 
arguments, if such a minimum does exist, then when m is larger than As, at least some of 
the light fields must have vevs of order m or larger at the minimum. Now we also assume 
that the full theory has no classical flat directions, and that classically when any of the 
fields have vevs of order m that there is at least one F or D term which is as large as 0(m 2 )). 
Let us only consider D flat directions. The full superpotential is W e g = W tree + W^ yn , 
where Wd yn is characterized by a scale As which can be made arbitrarily small compared 
with m. A supersymmetric minimum requires that for all superfields 

dW tr 



dz 



ree . 

dW dyn 
dzi 







(3.7) 



If there is a supersymmetric minimum we know that at least one of the light fields in the 
low energy effective theory has vev larger than 0{m) and therefore there is at least one 
field for which 



dzi 



> 0{m 2 ) 



So for this field we must have 



dW dyn 




dW tree 


dzi 




dzi 



> 0(m 2 ) . 



(3.8) 



(3.9) 



Thus a supersymmetric minimum could only exist for field strengths larger than m and then 
only if there is a contribution to W dyn which for large field strength grows in some direction 
in the light field space faster than any of the tree level terms. Such a situation is possible 
when there are directions involving the light fields for which the classical potential grows 
more slowly than quartically. However there are many models, such as the example we 
will present in the next section, for which the potential grows quartically for any direction 
in the light field space, and which therefore cannot possess a supersymmetric minimum at 
any field strength. 
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This argument has assumed that m ^> A5. However in a supersymmetric theory it 
is not possible to have supersymmetry unbroken for a range of parameters but broken for 
other values || . The only exception to this rule is when the behavior of the theory at large 
field strengths changes || . We conclude that in such a model there is no finite range of m 
for which supersymmetry is unbroken. 

If one can find a calculable model where supersymmetry is dynamically broken, even 
though there is no R symmetry, then W e ff cannot be generic. In the next section we study 
an example of such a model, and show how the lack of genericity can be exploited to give 
DSB. 

3.2. A model of dynamical supersymmetry breaking without an R symmetry 

The simplest known calculable model of DSB, which was analyzed in detail in reference 
0, has gauge group SU(3) x SU{2), and superfields 

Q~(3,2), IT ~ (3,1), Z)~(3,l), and L~(l,2). (3.10) 

The classical superpotential is 

W = XQDL . (3.11) 

This theory has no flat directions and an exact spontaneously broken R symmetry. The 
SU(3) gauge theory gets strong at a scale Ag which is higher than the SU{2) scale and 
spontaneously breaks supersymmetry at a scale A 5 / 14 Ag. There is also an exact global 
U(l) symmetry, called hypercharge, which is not spontaneously broken. 

In order to study the effects of explicit R symmetry breaking, we add to this theory 
two chiral superfields S and S which are SU(2) singlets and transform like a triplet and 
an anti-triplet under SU (3) . The hypercharge assignments of these fields are 

Q~6> ^~ _ 3' D ~ 3' L ~ _ 2> S ~ - l> S ~ I ■ ( 3 - 12 ) 

The most general renormalizable tree level superpotential invariant under hypercharge is 

W t = XLQD + X S LQS + X'Q 2 S + X DUS + mSS. (3.13) 

When m is large, we can integrate out S and S and find the effective tree level superpo- 
tential for the light fields 

yT 

W N = XLQD + Q 2 DU. (3.14) 

m 
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For A' or A = the model has an R symmetry and no flat directions and therefore satisfies 
the conditions of reference || for DSB. When A', A 7^ but m = there is no R symmetry 
and there is a classical flat direction with nonzero S and S. 

We wish to know whether supersymmetry is broken in this theory when m and all the 
A's are nonzero. Naively, the answer is yes, since when m is large, S and S decouple and we 
are left with a theory which is known to break supersymmetry. Then by the arguments of 
reference || , supersymmetry should be broken for any value of m. This model is a specific 
example of the general class of theories described in the previous subsection, which we 
argued would have to break supersymmetry for large m unless there is a direction in the 
light field space for which dynamically generated terms grow faster than the tree level 
potential. The only possible such direction is large S and S, since in this direction the 
potential only grows quadratically. However these fields decouple in the large m limit and 
the supersymmetric minimum must involve expectation values larger than m for at least 
one of the light fields Q, U, D, and L, and in all such directions the classical potential 
grows quartically. Thus this model cannot have a supersymmetric minimum, even though 
it has no R symmetry, due to the lack of genericity of the effective superpotential. 

Let us analyze the low energy effective theory given by ( |3.14j ) in more detail. The 
scale at which the low energy SU(3) theory becomes strong is As = m 1 / 7 /^ , where A3 is 
the £77(3) scale when m = 0. If we ignore the small nonrenormalizable term in (|3.14j ), and 
the term proportional to A, then the effective theory is massless QCD with two flavors, for 
which one can show that instantons generate the effective superpotential 

W^instanton = , (3.15) 

(the ££7(3) x SU(2) gauge indices in Q 2 UD are contracted in a gauge invariant way) which 
is the only term allowed by the symmetries. Adding the tree level terms we find 

W eS = XLQD+ ^Q*UD + ^= . (3.16) 
m Q 2 UD 

The R invariance of W e Q is broken by the nonrenormalizable term. However this effective 
superpotential does not lead to a supersymmetric minimum. To see this, note that if 
the equation d^Weff = XQiD = is satisfied (here i is the SU{2) index), and the 
D-term equations for the SU{3) and SU(2) are also satisfied, then Q 2 UD = and the 
superpotential is singular. 
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To compare with our analysis in section 2, the superpotential ( P-16| ) is not generic. 
The second term breaks the R symmetry but does not restore supersymmetry. However 
we have so far neglected the possibility that nonzero A, A' and A could generate additional 
nonperturbative terms, such as Ag 7 / 2 ((LQD) / (Q 2 UD)) 1 ^ 2 which would restore supersym- 



metry. However the nonperturbative nonrenormalization theorem of reference [11| shows 



that this does not happen, the effective superpotential (|3.16|) is exact and does not receive 



any corrections. In other words, the superpotential is not generic and supersymmetry is 
broken. 

3. 3. Effects of higher dimension operators on the R axion mass 

Despite the example in the previous section, it remains true that in all known models 
of DSB which have no mass scales in the classical Lagrangian, there is a massless R axion. 
In realistic models, the R axion gains a small mass from the QCD anomaly. This axion 
could be in conflict with astrophysical and phenomenological observations if the scale of 
R symmetry breaking is lower than ~ 10 10 GeV and with cosmology if the scale is higher 
than ~ 10 12 GeV O, M. However we now know that the R symmetry could be explicitly 
broken by nonrenormalizable terms without restoring supersymmetry. Such terms could 
solve the astrophysical problems associated with the R axion occurring in models of DSB 



at low energy ||17|| , by giving the axion a mass which is too large to be produced in stars. 

If the R symmetry is explicitly broken by operators of dimension five proportional to 
1/mp, then the effects on the R axion mass are quite interesting. Assuming that the only 
dimensionful scale in the low energy effective theory is the supersymmetry breaking scale 
As, and that this is also the scale of spontaneous R symmetry breaking, the R axion mass 
squared is approximately 

™Lion ~ As'Mp ■ (3-17) 



For As of order 10 5 GeV, this gives m ax i 0n ~ 10 MeV, which is just barely light enough to 
be produced in supernovae. We conclude that the R axion is not an astrophysical problem 
for models of DSB in the visible sector, provided that the R symmetry can be broken by 
terms of dimension 5 and As > 10 5 GeV. 

There can also be cosmo logical problems associated with overproduction of the R 
axion in the early universe, if the R symmetry breaking scale is higher than ~ 10 12 GeV 



lq| . A general analysis of the cosmological bounds on the axion coupling and mass [|19 



shows that this problem can also be solved if explicit symmetry breaking gives the axion a 
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large enough mass. For instance an axion with a mass given by eq. ( |3.17 ) does not cause 



any cosmological problems when the scales of R symmetry breaking and supersymmetry 
breaking are the same. However in models where dynamical supersymmetry breaking is 
driven by nonrenormalizable operators suppressed by the Planck mass, the R axion mass 
is typically not large enough to avoid cosmological overproduction [|16] . 

3.4. R color 

Another method for solving the R axion problem |J, is to introduce a new strong 
gauge group called R color, under which the R symmetry has an anomaly, in addition to 
the group whose dynamics are responsible for DSB. Nonperturbative R color effects can 
give the R axion a mass, but one must then worry about whether they can also induce new 
terms in the effective superpotential which could restore supersymmetry. The following 
argument shows that in many cases R color does not restore supersymmetry, due to the 
lack of genericity of the nonperturbatively generated terms. 

Consider a theory whose classical lagrangian only has dimension four terms, with no 
classical flat directions, a spontaneously broken R symmetry, and supersymmetry breaking 
scale As- Now introduce R color by gauging a global symmetry of this theory, which 
becomes strong at a scale A# <C As- R color can nonperturbatively induce operators in 
the effective superpotential which always grow more slowly for large field strength than 
0(z 3 ), and which break the R symmetry. 

We write the effective superpotential as 

W eS = W s + W a , (3.18) 

where Ws is the effective superpotential of the theory in the limit where R color is turned 
off, and the remaining terms in Wr are generated by nonperturbative R color effects. For 
all D-flat directions there is at least one superfield for which 



dW s 



dzi 

Supersymmetry restoration requires that 



> A| • (3.19) 



dW s dW R 

—± + — = , 3.20 

azi dzi 
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thus to restore supersymmetry it is necessary that 

dW R 



dzi 



>A| 



(3.21) 



R color can only induce terms proportional to positive powers of Ar, and for field strengths 
larger than O(As) 

" " < 0(z 2 ) . (3.22) 



dW. 



dzi 

Because of the lack of classical flat directions, for such field strengths 

dW s 



dzi 



<D(z z 



(3.23) 



and so it is not possible to satisfy eq. ( |3.20| ) for field strengths larger than 0(As)- So R color 
could only restore supersymmetry in the region where all field strengths are smaller than As 
and the supersymmetry breaking group is strongly coupled. In this region the contribution 
of the supersymmetry breaking group to the effective potential is larger than (9(Ag 4 ), and 
R color would have to make an equally important canceling contribution in order to restore 
supersymmetry. This is not possible since we are assuming that Ar <C Ag, and the R color 
contribution to the effective potential will be smaller than max (0(Ar 4 ), 0(z 4 )). 

We conclude that when R color is added to a DSB model with no classical flat di- 
rections or mass scales, then if R color is sufficiently weak nonperturbative R color effects 
cannot restore supersymmetry. Furthermore, we have previously noted that it is not pos- 
sible to have a theory in which supersymmetry is unbroken for a range of parameters but 
broken for other values, so supersymmetry breaking should persist even when R color is 
as strong or stronger than the supersymmetry breaking gauge group. 



4. Conclusions 

We have shown that a continuous R symmetry is a necessary condition for spontaneous 
supersymmetry breaking and a spontaneously broken R symmetry is a sufficient condition, 
in models where the gauge dynamics can be integrated out and in which the effective 
superpotential is a generic function consistent with the symmetries of the theory. Therefore 
the existence of a nonanomalous R symmetry is a useful guideline for finding a model with 
dynamical supersymmetry breaking. This implies that a troublesome Goldstone boson, 
the R axion, is a typical feature of models which break supersymmetry dynamically. 
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We have also argued that because supersymmetry severely limits the terms which can 
be generated nonperturbatively in the effective superpotential, in some cases the effec- 
tive superpotential is not generic and it is possible to dynamically break supersymmetry 
without an exact R symmetry. The R axion can be given an acceptably large mass, ei- 
ther by introducing higher dimension operators which explicitly break the R symmetry 
or by introducing a new gauge group under which the R symmetry is anomalous. We 
conclude by speculating on the attractive possibility that because of the lack of genericity 
of effective superpotentials, there may exist a model with a single gauge group, in which 
all mass scales arise through dimensional transmutation, supersymmetry is spontaneously 
broken, and there is no R symmetry or R axion at all. Such a model would be an excellent 
candidate for dynamical supersymmetry breaking near the weak scale. 
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